Abstract Poly(methyl methacrylate) (PMMA) and CaCu 3 Ti 4 O 12 (CCTO) composites were fabricated via melt mixing followed by hot pressing technique. These were characterized using X-ray diffraction, thermo gravimetric, thermo mechanical, differential scanning calorimetry, fourier transform infrared (FTIR) and Impedance analyser for their structural, thermal and dielectric properties. Composites were found to have better thermal stability than that of pure PMMA. However, there was no significant difference in the glass transition (T g ) temperature between the polymer and the composite. The appearance of additional vibrational frequencies in the range 400-600 cm -1 in FTIR spectra indicated a possible interaction between PMMA and CCTO. The composite, with 38 vol% of CCTO (in PMMA), exhibited remarkably low dielectric loss at high frequencies and the low-frequency relaxation is attributed to the interfacial polarization/MWS effect. The origin of AC conductivity particularly in the high-frequency region was attributed to the electronic polarization.
Introduction
Recently, much research work has been done on polymerceramic composites keeping potential industrial applications in views. The hybrid materials comprising ceramic fillers and polymer matrix have drawn widespread attention of researchers. Improvement in the mechanical and thermal properties have been achieved by introducing fillers into flexible polymer matrices [1, 2] . Owing to the continuous development towards the miniaturization of electronics, high dielectric constant polymer-ceramic composites have become increasingly promising materials for embedded capacitor applications [3] [4] [5] [6] [7] . These embedded capacitors are part of printed circuit board (PCB) laminates and fabrication of such devices is a major challenge. These embedded capacitors, apart from exhibiting high capacitance, require to possess low thermal coefficient of permittivity (TCK) over a wide range of temperatures. In this regard, CaCu 3-Ti 4 O 12 (CCTO) ceramic whose dielectric constant is nearly independent of frequency (upto 10 MHz) accompanied by low TCK in the 100-600 K temperature range [8, 9] has been used as a filler and studied [10] [11] [12] [13] [14] [15] [16] [17] to explore the possibility of obtaining a new-generation composites associated with high permittivity for capacitor applications in electrical circuits. The integration of embedded capacitors in the inner layer of PCBs is also needed to be processed at low temperatures [18] . Hence, it is essential to understand the thermal behaviour of the polymer-ceramic composites as the dielectric behaviour of these composites is not only dependent on the type of polymer and its structure, but also dependent on the type of filler, the interface bonding between the polymer and the ceramic, the thermal properties and the heat capacities of the individual components [19, 20] . The poly(methyl methacrylate) (PMMA), a transparent thermoplastic polymer, possesses moderate physical properties associated with low cost and the composite systems based on this were studied in great detail . It is reported that, for the PMMA?Al 2 O 3 composite system, Al 2 O 3 loading to the level of 45 vol% increased the permittivity and has been attributed to the space charge polarization mechanism [30] . Similarly, permittivity as high as 19 has been reported for the PMMA composite comprising 40 vol% nanocrystallites of BaTiO 3 [35] . It is interesting to note the frequency-independent permittivity nature of poly(methyl methacrylate)/multi-walled carbon composite systems [36] . The PMMA-based ternary composites also exhibited improved dielectric properties [37] . Apart from these, the introduction of fillers into the PMMA matrix also improved the thermal and mechanical properties [38] . The aim of the present work was to fabricate and characterize PMMA?CCTO composites and study their structural, thermal and electrical behaviour using various analytical techniques such as X-ray diffraction (XRD), thermo gravimetric analysis (TG), differential scanning calorimetry (DSC), FTIR spectroscopy, thermo mechanical analysis (TMA) and Impedance analyser.
Experimental

Synthesis of CaCu 3 Ti 4 O 12 powders
The solid-state reaction route was adopted for synthesizing CCTO ceramic powders [8, 15] . The stoichiometric amounts of AR-grade CaCO 3 , CuO and TiO 2 was weighed, mixed using acetone and ball milled (300 rpm) for 5 h. The homogeneous mixture thus obtained was dried in an electric oven for about 1 h. This stoichiometric mixture was taken in a re-crystallized alumina crucible and heated at 1,000°C for 10 h to obtain phase-pure CCTO [8] . In order to get submicron particles, the CCTO powders were ball milled for about 12 h using a planetary mill. To know the particles size distribution, scanning electron microscopy image (not shown here) recorded on the CCTO powders has been carried out by line intercept method using the image analysis software. It has been observed that the CCTO crystallites are in the 1-7 lm range, which is consistent with the results reported in our previous work [15] .
Fabrication of poly(methyl methacrylate)/CaCu 3 Ti 4 O 12 composite sheets PMMA, having molecular mass of 1,10,000 (Make: LG Corporation), was used as matrix material. For the fabrication of PMMA/CCTO composite, PMMA and CCTO powder were melt mixed in a Brabender Plasticorder (Model:PLE331) for 15 min at 210°C, and then hotpressed at this temperature to obtain a sheet of 150 mm 2 with 0.5 mm thickness. The composite became brittle when the ceramic loading was beyond 38 % by volume. Hence, to obtain flexible composites which could be made into a variety of shapes, the ceramic loading has been restricted to a maximum of 38 Vol%. Figure 1 shows the flowchart depicting various steps involved in the fabrication of PMMA-CCTO Composites.
Characterization
To examine the structure, an XPERT-PRO Diffractometer (Philips, Netherlands) was used. TG analyses were done using the TA Instruments (UK, Model: TGA Q500) and TMA were done using the TA Instruments (UK, Model: TMA Q400). TG experiments were conducted in nitrogen atmosphere at a flow rate of 60 mL min -1 , at a heating rate of 10°C min -1 . TMA experiments were conducted in Nitrogen atmosphere at a flow rate of 60 mL min -1 , at a heating rate of 5°C min -1 . Infrared spectra were recorded using a FTIR/ATR spectrophotometer, Model : Nicolet 6700, (Make : Thermo Scientific). Differential scanning calorimeter (Make: Mettler Toledo, Model : DSC 821e) was employed at a heating rate of 10°C min -1 under nitrogen atmosphere at a flow rate of 60 mL min -1 , using Aluminium pan. An LCR meter (Model: Agilent 4294A) was used for the capacitance measurements as a function of frequency (100 Hz-100 MHz) at room temperature.
Results and discussion
X-Ray Diffraction studies
The XRD patterns were recorded on the CCTO ceramic powders, the as-received PMMA and on the composites that were fabricated. XRD pattern revealed that the asreceived PMMA is semicrystalline in nature (Fig. 2a) . The XRD data obtained for the as-prepared CCTO powders (Fig. 2b ) are compared well with the ICDD data (01-075-1149) shown in Fig. 2c and with that reported earlier [9] . The XRD pattern recorded for the PMMA comprising 6 vol% CCTO revealed its composite nature. In the case of PMMA with 38 vol% CCTO composite (Fig. 2e) , XRD pattern revealed only CCTO peaks as the intensities of these are dominant.
Thermal studies (TG/TMA)
In order to examine the thermal stability, thermal analyses were carried out on PMMA?CCTO composites as well as on pure PMMA for comparison. The TG and the derivative thermogravimetric (DTG) data obtained for the pure PMMA and the composites are illustrated in Fig. 3 . It has been observed that there is a change in the thermal degradation behaviour of PMMA with CCTO. The onset of decomposition temperature has increased as the CCTO filler content increased in PMMA. The onset of decomposition temperature (temperature at 10 % mass loss) [21] was found to increase for all the composites under study. The decomposition temperature onset accompanied by 10 % mass loss for PMMA?6 vol% CCTO is 358.4°C and for the PMMA?38 vol% CCTO it is 374.1°C, while for pure PMMA it is 353.5°C. The onset of decomposition temperature is higher by 20°C than that of virgin PMMA. All the samples (PMMA and composites) indicated that there is no mass loss upto 270°C and thereafter, the degradation begins. To find out whether there is more than one-step decomposition temperature involved, derivative data from the TG (DTG) results were plotted (Fig. 4) and it has been observed that both the virgin PMMA and the composites undergo only single-step degradation. It is seen from the derivative curve (Fig. 4) , that there is an increase in the decomposition temperature as the filler content is increased in the PMMA. Overall, the composites have better thermal stability than that of PMMA. Interestingly, the mass loss obtained from the burnt (950°C/24 h) out test on a few composite samples by the gravimetric analysis is in good agreement with the experimental values based on TG.
The pure PMMA and the composites were also subjected to TMA, to understand their thermal expansion behaviour as this is crucial for several device applications. Figure 5 shows the dimensional change (lm) as a function of temperature for pure PMMA and the composites. The coefficient of thermal expansion (CTE) was calculated using the Eq. (1), prior to glass transition temperature with the help of software available within the equipment.
where a is the linear thermal expansion coefficient, Dl is the Change in length (lm), l i is the Initial length (m) and DT is the Change in temperature (°C). For conducting TMA test, all the specimens were well polished using abrasive to have plane-parallel and smooth surfaces. In spite of maintaining smooth and parallel surfaces, it has been observed that the CTE values were found to be varying with the thickness of the samples. Since the sample thickness influences the CTE behaviour [45] , samples with identical thicknesses were prepared and these samples were subjected to TMA analysis to observe the trend in the results. It has been observed that as the CCTO content increased in PMMA, CTE, measured between 40 and 100°C, (just before the T g ), decreased as compared to that of pure PMMA and the density of the composites increased (inset in Fig. 5 ). The decrease in the CTE for the composites as the CCTO increased in the PMMA is the indication of good adhesion between the polymer and the ceramic. The polymer-chain mobility is decreased/restricted due to the efficient matrix interaction [46] with the CCTO crystallites and results in a decrease in CTE. The glass transition (T g ) of PMMA and PMMA composites were also analysed by TMA and values obtained are in agreement with the values obtained by DSC. Table 1 gives the values obtained for the pure PMMA and the composites.
Differential scanning calorimetry (DSC)
DSC is a widely used technique employed to measure the heat effects of phase transitions of a material. The glass transition temperature (T g ) is one of the most important properties that is evaluated to find out the suitability of a polymer for any engineering applications [47] . DSC measurements were carried out to determine the thermal properties such as melting temperature (T m ), heat of crystallisation (H c ) and glass transition (T g ) of PMMA and PMMA composites. The glass transition (T g ) has been determined from the second run for all the samples. The T g is calculated by taking the points of intersection between the onset and endpoint of the transition. The T g lies at one half the change in heat capacity between the onset and endpoints of intersection. The T g of PMMA would vary depending on the degree of tacticity (isotactic, heterotactic, syndiotactic or atactic), thermal history and the type of free radical initiator used during processing [22, 23] . As reported [22] , the glass transition temperature (T g ) of 'atactic PMMA' is around 105°C and for 'isotactic PMMA' it ranges between 38 and 57°C. For 'syndiotactic PMMA', the T g ranges between 105 and 138°C and for the commercial-grade PMMA, it ranges between 85 and 165°C [22] . The PMMA used in our work is mostly of 'syndiotactic PMMA' type as the commercially available PMMA contains more than one type, in which 'syndiotactic' type is predominant. Figure 6 shows the DSC traces obtained for PMMA and PMMA?CCTO composites. It has exhibited a heat flow at approximately 107°C, corresponding to the glass transition (T g ) of 'syndiotactic PMMA' (Fig. 6a) . The DSC study indicated that there is no significant change in the glass transition (T g ) temperature between the pure PMMA and the composites. The glass transition (T g ) temperature either increases or decreases depending on the type of filler, its morphology and the inter crystallite distance [24] [25] [26] . The Alumina/PMMA composite at extremely low filler mass fractions had reduced the glass transition temperature (T g ) by 25°C as compared to that of pure polymer [47] . In the case of Clay/PMMA composite system [48] , it has been observed that there is an increase in the glass transition (T g ) of PMMA by around 6.5°C. Similar results were reported for the graphene/ PMMA composites [49] , where the graphene nanosheets were fully exfoliated in PMMA matrix. The thermal and mechanical properties of the composites were significantly improved at low graphene loadings and the glass transition (T g ) temperature has increased by 15°C. It is interesting to note that, we did not observe any change in the glass transition (T g ) temperature upto 38 vol% loading of CCTO in PMMA matrix.
FTIR studies FTIR analysis on PMMA has been well documented [27] [28] [29] . Also, the recent investigations into the vibrational spectra and normal coordinate analysis yielded a complete and very clear information on the fundamental vibrations of PMMA structure [28] . The FTIR spectra recorded for the pure PMMA and for the present composite samples are depicted in Figs.7 and 8 , respectively. For PMMA (Fig. 7) , the absorption peaks around 2992 and 2949 cm -1 correspond to C-H asymmetric stretching in CH 3 and CH 2 , respectively. The vibrational band at 2847 cm -1 is due to the C-H symmetric stretching in CH 3 . The characteristic band for the pure PMMA is observed at 1721 cm -1 , which corresponds to C=O stretching band. The vibrations due to deformation modes of CH 3 groups appear at 1489, at 1434 and at 1385 cm -1 . Medium bands at 1268 cm -1 and at 1238 cm -1 correspond to C-O stretching modes. The band at 1189 cm -1 corresponds to CH 3 wagging and two bands at 1141 and 1062 cm -1 are due to the CH 3 twisting, respectively. The vibration modes due to C-C stretching appear at 985 and 969 cm -1 . The peaks at 912 and 840 cm -1 are assigned to CH 2 rocking and the peaks at 809 and 749 are due to the C=O in-plane and out-of-plane bending, respectively [28] . The FTIR spectra of pure PMMA (Fig. 7 ) and the composite (Fig. 8) did not show any appreciable change in the 600-4,000 cm -1 region. However, there is an appreciable change in the absorption in the 400-600 cm -1 region which is possibly owing to the interaction of CCTO ceramic powder with the PMMA matrix. There is a distinctive change of characteristic absorption in the region 400-600 cm -1 (Fig. 8) , which are due to the addition of CCTO. There are some new multiple absorption bands persisting in the region 600-400 cm -1 arising mainly from the M-O (M = Metal, O = Oxygen) bands in CCTO [9] and the relative intensity of peaks in this region (400-600 cm -1 ) has increased, indicating that there is a good interaction between the CCTO and PMMA matrix.
Frequency-dependent room-temperature permittivity
The room-temperature effective permittivity data (e eff ) for PMMA/CCTO composites for different volume % of CCTO are given in Fig. 9 . The permittivity of the pure PMMA is around 4.9 at 100 Hz, which is nearly constant over the entire frequency range (100 Hz-100 MHz) covered in the present investigation (Fig. 9) . As expected, the permittivity increases as the ceramic loading increases in the polymer matrix at all the frequencies under study. The permittivity has increased to 15.7 at 100 Hz when the ceramic loading is increased to 38 Vol% in PMMA. The value of permittivity obtained for the PMMA?38 vol% CCTO is higher than that of the pure PMMA and much lower than that of CCTO ceramic (Fig. 9) . The roomtemperature dielectric loss (D) recorded as a function of frequency is shown in Fig. 10 . The dielectric loss increased as the CCTO content increased in PMMA, but decreased Wavenumber/cm -1 with the increase in frequency. Around 10 kHz, there is a sudden drop in the value of loss. It is known that the addition of fillers induces structural changes in the PMMA matrix [30] which may result in a sudden drop in the dielectric loss in the present composites. Indeed this is corroborated by the additional peaks that are encountered in the present FTIR studies. These results indicate that a good adhesion between the polymer and the ceramic has been achieved due to the even distribution of particles in the polymer matrix. This further helps in reducing the local field distortion and improves the space charge distribution evenly at the interface [50] , thereby reduces the dielectric loss in the composite. It is clearly visible (Fig. 10 ) that there are two types of relaxations arising due to the two different distributions of cooperative motions composed of dipolar groups belonging to the main chain of PMMA moieties [51] . The relaxation peak at lower frequencies has been attributed to the a-relaxation, whereas at higher frequencies to the b-relaxation [52] . The high value of dielectric loss at low frequency is usually associated with the motion of free charge carriers within the material: dipole polarization or interfacial polarization [53] . It has been observed that the dielectric loss is considerably higher especially at low frequencies, which is due to the increase in charge carrier density of CCTO as well as segmental motion of polymer chain [54] . Hence, the higher dielectric loss especially at low frequencies is attributed to interfacial polarization/MWS effect [17, 30, 37] . The dielectric loss for all the composites lies below 0.1 for the entire frequency range under investigation. The dielectric loss obtained for pure PMMA is almost independent of the frequency (100 Hz-100 MHz). In this work, it is to be noted that the dielectric loss obtained in CCTO/PMMA composites is remarkably low. For instance, the loss value obtained at 100 Hz for PMMA?38 vol% CCTO composite is around 0.094 and has decreased to 0.011 at 100 MHz.
Since the composite has low loss (0.023-0.011) in the high-frequency range (100 kHz-110 MHz), it could be used for capacitor application in this range of frequencies. The use of electric modulus approach would help in gaining an insight into the bulk response of materials. This would facilitate to circumvent the problems caused by electrical conduction which might mask the real dielectric relaxation process [55] . Hence, to rationalize the dielectric behaviour, electrical modulus approach can be adopted and studied in detail. The AC conductivity r is derived from the dielectric data using the Eq. (2):
where e o ¼ 8:853 Â 10 À12 Fm À1 is the permittivity of the free space and x ¼ 2pf the angular frequency. The variation of AC conductivity as a function of frequency for the PMMA and the composites is shown in Fig. 11 . It has been observed that the AC conductivity increased as the CCTO content increased in the PMMA. The pure PMMA has the conductivity of 4.6 9 10 -13 Scm -1 at 100 Hz, which has increased to 8.2 9 10 -12 Scm -1 when the CCTO content had increased to 38 vol%, due to the increased charge carriers density and better connectivity between the polymer and the ceramic in the composite [56] . Hence, conductivity increased as the CCTO content increased in PMMA. The AC conductivity increases as the frequency increases and the AC conductivity at low frequency is attributed to the interfacial polarization [30, 57] which is due to the increase in charge carrier density of CCTO as well as segmental motion of polymer chain. The AC conductivity at high frequency is attributed to electronic polarization as well as to the hopping of charge carrier over a small barrier height [58] . The increase in AC conductivity with the increase in CCTO content supports the suggestion of hopping of charge carrier conduction mechanism [59] .
Conclusions
The PMMA-CCTO composite sheets have been successfully fabricated via melt mixing and hot pressing techniques.
In order to obtain a flexible composite, the ceramic loading has been restricted to a maximum of 38 vol%. The composites exhibited better thermal stability than that of the pure PMMA. FTIR analysis confirmed the possible interaction between PMMA and CCTO due to the additional vibrational frequencies in the range of 400-600 cm -1 . The decrease in the CTE for the composites as the CCTO increased in the PMMA further confirms the existence of good interaction between the PMMA and CCTO crystallites. The DSC study indicated that there is no significant change in the glass transition (T g ) temperature between the pure PMMA and the composites. The permittivity of PMMA increased with increase in CCTO content and the permittivity value as high as 15.7 at 100 Hz has been achieved for the PMMA?38 -vol% CCTO composite. The higher dielectric loss especially at low frequencies is due to the increase in charge carrier density of CCTO as well as segmental motion of polymer chain and this has been attributed to interfacial polarization/ MWS effect. However, the composite with 38 vol% of CCTO (in PMMA) exhibited remarkably low dielectric loss at high frequencies. The AC conductivity of PMMA has increased when the CCTO content had increased to 38 vol%, which is due to the increased charge carriers density and better connectivity between the polymer and the ceramic in the composite.
